Abstract
Introduction
The interferometric synthetic aperture radar (InSAR), including along track interferometry (ATI) and cross track interferometry (XTI), has attracted great research interests in radar community In principle, InSAR systems with both along track baseline and cross track base-line, referred to as the hybrid baseline for simplicity, can be used to perform GMTI and DEM generation simultaneously. However, many challenges arise when detecting ground moving targets based on InSAR system. For terrain height estimation, the baseline should be perpendicular to the flight path in order to avoid the coregistration in azimuth. But for the airborne application, it is difficult to obtain a pure cross-track baseline with enough length in some cases. Because most of the ground scatterers are stationary, a hybrid baseline containing an along-track component is often used, which has little effect on accuracy of terrain height estimation. At the same time, the existence of the along-track component makes it possible for the radar to detect a moving target in the scene.
To detect a moving target using an along-track InSAR system, a comparison of two images is necessary, which can be understood as a kind of clutter suppression [1, 2] . For a stationary target, it is hoped that the two images are identical so that they can be suppressed if a coherent subtraction is employed. However, the cross-track baseline component makes the two images different, even for a stationary scene. The main difference is that the interferometric phase is related to the terrain height. This implies that long cross-track baseline increases clutter degree of freedom. Therefore, terrain phase must be compensated before clutter cancellation. In addition, also the problem that terrain interferometric phase coupling with velocity phase degrades the accuracy of velocity estimation greatly should be considered.
It has become a hot issue to detect ground moving targets and estimate its velocity for InSAR system. A lot of previous works were done to eliminate the influence of the cross-track baseline component. A method that compensate the phase difference of two images by using a prior knowledge of terrain elevation, for example, an accurate digital elevation model (DEM), was proposed in [3] . Moreover, the method for reducing minimum detectable velocity by using hybrid baseline is proposed in [4] . However, the methods above pay little attention to the problem clutter cancellation without prior knowledge and velocity estimation inaccuracy caused by long cross-track baseline.
In this paper, an adaptive approach to cancel the clutter and estimate radial velocity in the presence of cross-track baseline is proposed. To mitigate the influence of internal clutter motion (ICM) [5] , the method takes advantage of the coherence information of neighboring pixel pairs to automatically coregister the SAR images. Furthermore, neighboring pixel pairs is also jointly used to compensate the terrain interferometric phase, thus improving the accuracy of velocity estimation. Theoretical analysis and computer simulation results show that the method can provide accurate estimate of radial velocity and well clutter cancellation. This paper is organized as follows: In Section 2, we give the signal model for InSAR system. In Section 3, we present the approach for clutter cancellation and velocity estimation. In Section 4, simulated results are shown to illustrate the effectiveness of the proposed method. We make conclusions in Section 5.
Signal Model Analysis
Let us consider an InSAR system using two antennae for its data collection. Antenna 1 is used as a transmitter as well as a monostatic receiver, while antenna 2 is used only as a bistatic receiver. To simplify the mathematical model, it is necessary to firstly give the definition of equivalent phase center.
Definition: Two separate transmitting and receiving antennas can be equivalent to a transmitting and receiving antenna which is positioned midway between the separate transmitting and receiving antennas, by compensating a constant phase the transmitting and receiving antennas, r is the slant range from the antennas to the ground, and  is the wavelength of the carrier). In practice, for each range segment only a constant phase needs to be compensated (i.e., r can be approximated to be constant). The position of the equivalent antenna is defined as the equivalent phase center. This definition holds true only when the distance between transmitter and receiver is small enough compared with the distance of the antenna from the ground. It is assumed in this paper that this definition is valid for typical multi-channel SAR system parameters. It is assumed throughout this paper that the coordinates of each antena are given according to its equivalent phase center. The coordinate system of InSAR is shown in Figure 1 . )
Assume that the velocity of the radar platform is a v . The time interval caused by along track
. Thus the slant range of the moving target to Sat2 is
Where r v is the radial velocity of the moving target. Since the interferometric phase of an InSAR system with hybrid baseline depends not only on the radial velocity but also on the height of the target. With the radial velocity r v , the moving target in the SAR image is displaced in azimuth, so that the pixels of the moving target are a summation of the displaced moving target and a patch of stationary clutter. Assume that there is the moving target A with a height h , and in the SAR image, it is superposed on a ground scatterer A with height h after the imaging process. In most situations, the place where vehicles mainly run on is of bearable fluctuation. 
Where
For simplicity, noise is not considered, and the initial phases of the images are supposed to be zero in the expression above. The  is the scattering intensity ratio of the moving target to scatterer A . s is a complicated expression that is sensitive to  .
Algorithm Description
As is known, there will be a high false alarm rate if we indicate the moving targets only by using the phase difference for the obvious phase noise in the interferogram. Therefore, clutter suppression is a necessary step. However, during the GMTI processing based on InSAR system, clutter degree of freedom is inevitably increased because of long cross-track baseline [6] . Due to Internal clutter motion (ICM), a coherent subtraction of the image pair cannot give us a satisfying result of clutter cancellation. To mitigate the influence above, we take advantage of the coherence information of neighboring pixel pairs. This means that SAR image pair of the stationary scene is automatically coregistered, so that the clutter can be well cancelled. In addition, to estimate radial velocity of the target accurately, the crosstrack interferometric phase must be eliminated. The method comprises these following five steps:
Step 1: SAR image coarse coregistration using the crosscorrelation information of the SAR image intensity or other strategies.
In
Step 1, the SAR images are coarsely coregistered using the cross-correlation information of the SAR image intensity or other strategies [1] - [3] after SAR imaging of the echoes acquired by each satellite.
Remark: The allowable coregistration error of the joint subspace projection method can be up to one pixel. The low coregistration accuracy requirement can greatly mitigate the complexity in coregistration processing, which is especially important in practical applications.
Step 2: Eliminate the local flat-earth phase It is known that the interferometric phase can be decomposed into two parts: the phase caused by terrain height and the flat earth phase. The flat earth phase is eliminated by using an estimated phase plane that is computed by the frequency of fringes in range in the interferogram, and then by the residual phase only reflecting the terrain height.
Step 3: Interferometric phase compensation
In order to compensate the interferometric phase due to cross track baseline component, the phase should first be estimated. The interferometric phase of a smooth ground will vary slowly in range and in azimuth after local flat-earth phase elimination. It is well known that in the presence of more than 1/10 pixel coregistration error, it is difficult for phase unwrapping methods to accurately achieve absolute interferometric phases of a terrain. In practice, the coregistration error is often greater than 1/10 pixel in the areas with low coherence level, and in this case, the existing interferometric phase estimation methods based on interferogram filtering may fail. Here, we utilize joint-pixel method to estimate the terrain interferometric phases in the presence of large coregistration errors. Contrary to the existing interferogram (based on a single pixel pair) filtering methods, we use the desired pixel pair and its neighboring pixel pairs to jointly perform the terrain interferometric phase estimation.
To help understand the idea of the joint processing, an example to formulate the joint data vector, denoted by ( ) i js (for pixel pair i ), is shown in Figure 2 , where circles represent SAR image pixels and denotes the centric pixel pair (i.e., the desired pixel pair whose interferometric phase is to be estimated).  can be estimated as follows:
Where M is the window size, here 9 M  , Superscript * denotes conjugate operation. We compensate SAR image of Sat2 with the estimated phase ˆ( ) i  , then get a new image 2 s .
Step 4: Clutter suppression
Ground Moving Target Indication and Velocity Estimation Using an InSAR System Jianming ZHANG, Dengyong ZHANG, Lun MA After elimination of the cross-track interferometric phase, the interferometric phase of stationary clutter tends to zero, and the image pair is equivalent to those obtained by an along-track InSAR system. However, there will be a high false alarm rate if we just use the phase to indicate the moving target for the obvious phase noise in the interferogram. Therefore, clutter suppression is also a necessary step.
As mentioned above, long cross-track baseline increases the clutter degree of freedom increase. In this case, clutter can not be well cancelled only using conventional single-pixel method [7] . In addition, there are other differences between the two images, such as different response characteristics of the receivers and the antennas. To solve the problem above, we still use joint-pixel technique in this step. Contrary to the existing coherent subtraction of the image pair, we employ the desired pixel pair and its neighboring pixel pairs to jointly perform the clutter cancellation.
Firstly, the joint data vector ( ) i js , shown in Figure 2 , can be formulated as ( ) [ ( 4) , ( 3) , ( ) , , ( 4) ]
Superscript T denotes vector transpose. The corresponding joint covariance matrix is given by ( )
Under the assumptions that the neighboring pixels have an identical terrain height and the complex reflectivity is independent from pixel to pixel, the joint covariance matrix And the LCMV adaptive vector [8] for clutter cancellation can be written as
Where a is the steering vector of moving target. To simplify the process, we set [1, 0,..., 0] a  in order to use the weighted pixels of phase-compensated image 2 to suppress the clutter in the unweighted image 1 and then obtain the largest clutter rejection ratio. It can also well protect the moving target [9] .
Step 5: Constant false alarm rate (CFAR) detection and velocity estimation.
After the clutter suppression, CFAR is first applied to the residual image (i.e., to find pixels whose amplitudes are higher enough than their neighbors). Actually, strong echoes of some buildings or natural terrains remain strong enough to exceed the detection threshold even after clutter suppression. However, the stationary clutter has been suppressed to a greater degree than the moving target. A false alarm can be further reduced by comparing the degree of the pixels suppressed. The pixels with relatively large amplitude changes before and after suppression will be considered ground clutter, as illustrated in the experimental results.
And radical velocity r v can be estimated by
Where ˆ( ) i   is the interferometric phase after terrain phase compensation.
Performance investigation
In this section, we investigate the performance of the proposed method with the simulated data. The simulated data are described as follows. We used a real SAR image to generate the reflectivity of each SAR pixel and a two-dimensional window to simulate a hill terrain. The complex SAR image pair is generated based on the statistical model in [10, 11] , where the correlation coefficient of each pixel pair is computed according to the cross-track baseline length, the local terrain slope and the SNR. The parameters of the simulated data are as follows: the cross track baseline is 281.4627 m, the along track baseline is 668.0045 m, the clutter to noise ratio of simulated SAR images is 23 dB and the signal-toclutter-plus-noise ratio is 0 dB. The radial velocity of a moving target is 2.1 m/s, and the azimuth-range coordinate of the moving target in the SAR image is (500, 200), which is marked by a white point. The satellite height is 750 km, and the radar pitch angle is 45°. The azimuth resolution and range resolution are 3 m × 3 m, and the intensity of SAR echoes is simulated by a real SAR amplitude image. Figure 3 shows the simulated SAR image amplitude, the rectangular region labeled in Figure 3 denotes the clutter area where the moving target exists. Figure 4 shows the corresponding simulated interferogram of Figure 3 . If the terrain height interferometric phase is not compensated, the samples used for covariance matrix estimation cannot meet the i.i.d condition. Therefore, the interferometric phase caused by terrain height must be eliminated. The interferogram can be estimated by (7) . Figure 5 shows the estimated results. Figure 6 we give the processing results of conventional clutter suppression result for coregistration error of 0.5 pixels in range with the output normalized by the maximum amplitude. Shown in Figure 7 is the processing result by the joint pixel clutter suppression method for the same coregistration error. As is evident in Figure 6 , when there is coregistration error exists, the clutter suppression performance of the conventional processing will be greatly deteriorated, with the remainder power going larger and larger. The proposed joint pixel method maintains a good clutter suppression performance as Figure 7 shows. 
Conclusion
Ground moving target detection for hybrid baseline InSAR is investigated in this paper. The cross track component of baseline will introduce terrain height phase into the echo. Thus the interferometric phase caused by the change in terrain height must be eliminated. Joint pixel method is exploit for both interferogram and clutter suppression in this paper. The method can take advantages of the information on the current pixel and its neighboring pixels. According to the processing result of the simulated SAR images, the proposed method is robust to image coregistration error.
